We use optical data on 10 Kuiper Belt objects (KBOs) to investigate their rotational properties. Of the 10, three (30%) exhibit light variations with amplitude ∆m ≥ 0.15 mag, and 1 out of 10 (10%) has ∆m ≥ 0.40 mag, which is in good agreement with previous surveys. These data, in combination with the existing database, are used to discuss the rotational periods, shapes, and densities of Kuiper Belt objects. We find that, in the sampled size range, Kuiper Belt objects have a higher fraction of low amplitude lightcurves and rotate slower than main belt asteroids. The data also show that the rotational properties and the shapes of KBOs depend on size. If we split the database of KBO rotational properties into two size ranges with diameter larger and smaller than 400 km, we find that: (1) the mean lightcurve amplitudes of the two groups are different with 98.5% confidence, (2) the corresponding power-law shape distributions seem to be different, although the existing data are too sparse to render this difference significant, and (3) the two groups occupy different regions on a spin period vs. lightcurve amplitude diagram. These differences are interpreted in the context of KBO collisional evolution.
INTRODUCTION
The Kuiper Belt (KB) is an assembly of mostly small icy objects, orbiting the Sun beyond Neptune. Kuiper Belt objects (KBOs) are likely to be remnants of outer solar system planetesimals (Jewitt & Luu 1993) . Their physical, chemical, and dynamical properties should therefore provide valuable information regarding both the environment and the physical processes responsible for planet formation.
At the time of writing, roughly 1000 KBOs are known, half of which have been followed for more than one opposition. A total of ≈ 10 5 objects larger than 50 km are thought to orbit the Sun beyond Neptune (Jewitt & Luu 2000) . Studies of KB orbits have revealed an intricate dynamical structure, with signatures of interactions with Neptune (Malhotra 1995) . The size distribution follows a differential power-law of index q = 4 for bodies 50 km (Trujillo et al. 2001a ), becoming slightly shallower at smaller sizes (Bernstein et al. 2004) .
KBO colours show a large diversity, from slightly blue to very red (Luu & Jewitt 1996 , Tegler & Romanishin 2000 , Jewitt & Luu 2001 , and seem to correlate with inclination and/or perihelion distance (e.g., Jewitt & Luu 2001 , Trujillo & Brown 2002 ). The few low-resolution optical and near-IR KBO spectra are mostly featureless, with the exception of a weak 2 µm water ice absorption line present in some of them , Jewitt & Luu 2001 , and strong methane absorption on 2003 UB 313 (Brown et 
2005).
About 4% of known KBOs are binaries with separations larger than 0.
′′ 15 (Noll et al. 2002) . All the observed binaries have primary-to-secondary mass ratios ≈ 1. Two binary creation models have been proposed. Weidenschilling (2002) favours the idea that binaries form in three-body encounters. This model requires a 100 times denser Kuiper Belt at the epoch of binary formation, and predicts a higher abundance of large separation binaries. An alternative scenario (Goldreich et al. 2002) , in which the energy needed to bind the orbits of two approaching bodies is drawn from the surrounding swarm of smaller objects, also requires a much higher density of KBOs than the present, but it predicts a larger fraction of close binaries. Recently, Sheppard & Jewitt (2004) have shown evidence that 2001 QG 298 could be a close or contact binary KBO, and estimated the fraction of similar objects in the Belt to be ∼ 10%-20%.
Other physical properties of KBOs, such as their shapes, densities, and albedos, are still poorly constrained. This is mainly because KBOs are extremely faint, with mean apparent red magnitude m R ∼23 (Trujillo et al. 2001b) .
The study of KBO rotational properties through timeseries broadband optical photometry has proved to be the most successful technique to date to investigate some of these physical properties. Light variations of KBOs are believed to be caused mainly by their aspherical shape: as KBOs rotate in space, their projected cross-sections change, resulting in periodic brightness variations.
One of the best examples to date of a KBO lightcurve -and what can be learned from it -is that of (20000) Varuna . The authors explain the lightcurve of (20000) Varuna as a consequence of its elongated shape (axes ratio, a/b ∼ 1.5). They fur- ther argue that the object is centripetally deformed by rotation because of its low density, "rubble pile" structure. The term "rubble pile" is generally used to refer to gravitationally bound aggregates of smaller fragments. The existence of rubble piles is thought to be due to continuing mutual collisions throughout the age of the solar system, which gradually fracture the interiors of objects. Rotating rubble piles can adjust their shapes to balance centripetal acceleration and self-gravity. The resulting equilibrium shapes have been studied in the extreme case of fluid bodies, and depend on the body's density and spin rate (Chandrasekhar 1969) . Lacerda & Luu (2003, hereafter LL03a) showed that under reasonable assumptions the fraction of KBOs with detectable lightcurves can be used to constrain the shape distribution of these objects. A follow-up , hereafter LL03b) on this work, using a database of lightcurve properties of 33 KBOs , shows that although most Kuiper Belt objects (∼ 85%) have shapes that are close to spherical (a/b ≤ 1.5) there is a significant fraction (∼ 12%) with highly aspherical shapes (a/b ≥ 1.7).
In this paper we use optical data on 10 KBOs to investigate the amplitudes and periods of their lightcurves. These data are used in combination with the existing database to investigate the distributions of KBO spin periods and shapes. We discuss their implications for the inner structure and collisional evolution of objects in the Kuiper Belt.
OBSERVATIONS AND PHOTOMETRY
We collected time-series optical data on 10 KBOs at the Isaac Newton 2.5m (INT) ′′ 24/pixel, and covers a sky-projected area of 2×8.
′ 2×16. ′ 4. With this camera we used a Harris R filter. The seeing for the whole set of observations ranged from 1.0 to 1.9 ′′ FWHM. We tracked both telescopes at sidereal rate and kept integration times for each object sufficiently short to avoid errors in the photometry due to trailing effects (see Table 1 ). No light travel time corrections have been made.
We reduced the data using standard techniques. The sky background in the flat-fielded images shows variations of less than 1% across the chip. Background variations between consecutive nights were less than 5% for most of the data. Cosmic rays were removed with the package LA-Cosmic (van Dokkum 2001).
We performed aperture photometry on all objects in the field using the SExtractor software package (Bertin & Arnouts 1996) . This software performs circular aperture measurements on each object in a frame, and puts out a catalog of both the magnitudes and the associated errors. Below we describe how we obtained a better estimate of the errors. We used apertures ranging from 1.5 to 2.0 times the FWHM for each frame and selected the aperture that maximized signal-to-noise. An extra aperture of 5 FWHMs was used to look for possible seeing dependent trends in our photometry. The catalogs were matched by selecting only the sources that are present in all frames. The slow movement of KBOs from night to night allows us to successfully match a large number of sources in consecutive nights. We discarded all saturated sources as well as those identified to be galaxies.
The KBO lightcurves were obtained from differential photometry with respect to the brightest non-variable field stars. An average of the magnitudes of the brightest stars (the "reference" stars) provides a reference for differential photometry in each frame. This method allows for small amplitude brightness variations to be detected even under non-photometric conditions.
The uncertainty in the relative photometry was calculated from the scatter in the photometry of field stars that are similar to the KBOs in brightness (the "comparison" stars, see Fig.1 ). This error estimate is more robust than the errors provided by SExtractor (see below), and was used to verify the accuracy of the latter. This procedure resulted in consistent time series brightness data for ∼ 100 objects (KBO + field stars) in a time span of 2-3 consecutive nights.
We observed Landolt standard stars whenever conditions were photometric, and used them to calibrate the zero point of the magnitude scale. The extinction coefficient was obtained from the reference stars.
Since not all nights were photometric the lightcurves are presented as variations with respect to the mean brightness. These yield the correct amplitudes and periods of the lightcurves but do not provide their absolute magnitudes.
The orbital parameters and other properties of the observed KBOs are given in Table 2. Tables 3, 4 , 5, and 6 list the absolute R-magnitude photometric measurements obtained for (19308) 1996 TO 66 , 1996 TS 66 , Fig. 2 .-Stacked histograms of the frame-to-frame variance (in magnitudes) in the optical data on the "reference" stars (in white), "comparison" stars (in gray), and the KBO (in black). In c), e), and j) the KBO shows significantly more variability than the comparison stars, whereas in all other cases it falls well within the range of photometric uncertainties of the stars of similar brightness.
(35671) 1998 SN 165 , and (19521) Chaos, respectively. Tables 7 and 8 list the mean-subtracted R-band data for (79983) 1999 DF 9 and 2001 CZ 31 .
LIGHTCURVE ANALYSIS
The results in this paper depend solely on the amplitude and period of the KBO lightcurves. It is therefore important to accurately determine these parameters and the associated uncertainties.
3.1. Can we detect the KBO brightness variation?
We begin by investigating if the observed brightness variations are intrinsic to the KBO, i.e., if the KBO's intrinsic brightness variations are detectable given our uncertainties. This was done by comparing the frameto-frame scatter in the KBO optical data with that of (∼ 10 − 20) comparison stars.
To visually compare the scatter in the magnitudes of the reference stars (see Section 2), comparison stars, and KBOs, we plot a histogram of their frame-to-frame variances (see Fig. 2) . In general such a histogram should show the reference stars clustered at the lowest variances, Orbital eccentricity e Semi-major axis f This object as a classical-type inclination and eccentricity but its semi-major axis is much smaller than for other classical KBOs followed by the comparison stars spread over larger variances. If the KBO appears isolated at much higher variances than both groups of stars (e.g., Fig. 2j ), then its brightness modulations are significant. Conversely, if the KBO is clustered with the stars (e.g. Fig. 2f ), any periodic brightness variations would be below the detection threshold. Figure 1 shows the dependence of the uncertainties on magnitude. Objects that do not fall on the rising curve traced out by the stars must have intrinsic brightness variations. By calculating the mean and spread of the variance for the comparison stars (shown as crosses) we can calculate our photometric uncertainties and thus determine whether the KBO brightness variations are significant (≥3σ).
Period determination
In the cases where significant brightness variations (see Section 3.1) were detected in the lightcurves, the phase dispersion minimization method was used (PDM, Stellingwerf 1978) to look for periodicities in the data. For each test period, PDM computes a statistical parameter θ that compares the spread of data points in phase bins with the overall spread of the data. The period that best fits the data is the one that minimizes θ. The advantages of PDM are that it is non-parametric, i.e., it does not assume a shape for the lightcurve, and it can handle unevenly spaced data. Each data set was tested for periods ranging from 2 to 24 hours, in steps of 0.01 hr. To assess the uniqueness of the PDM solution, we generated 100 Monte Carlo realizations of each lightcurve, keeping the original data times and randomizing the magnitudes within the error bars. We ran PDM on each generated dataset to obtain a distribution of best-fit periods. 
Amplitude determination
We used a Monte Carlo experiment to determine the amplitude of the lightcurves for which a period was found. We generated several artificial data sets by randomizing each point within the error bar. Each artificial data set was fitted with a Fourier series, using the best-fit period, and the mode and central 68% of the distribution of amplitudes were taken as the lightcurve amplitude and 1σ uncertainty, respectively.
For the null lightcurves, i.e. those where no significant variation was detected, we subtracted the typical error bar size from the total amplitude of the data to obtain an upper limit to the amplitude of the KBO photometric variation.
RESULTS
In this section we present the results of the lightcurve analysis for each of the observed KBOs. We found significant brightness variations (∆m > 0.15 mag) for 3 out of 10 KBOs (30%), and ∆m ≥ 0.40 mag for 1 out of 10 (10%). This is consistent with previously published results: Sheppard & Jewitt (2002, hereafter SJ02) found a fraction of 31% with ∆m > 0.15 mag and 23% with ∆m > 0.40 mag, both consistent with our results. The other 7 KBOs do not show detectable variations. The results are summarized in Table 9 .
1998 SN 165
The brightness of (35671) 1998 SN 165 varies significantly (> 5σ) more than that of the comparison stars (see Figs. 1 and 2c) . The periodogram for this KBO shows a very broad minimum around P = 9 hr (Fig. 3a) . The degeneracy implied by the broad minimum would only be resolved with additional data. A slight weaker minimum is seen at P = 6.5 hr, which is close to a 24 hr alias of P = 9 hr. Peixinho et al. (2002, hereafter PDR02) observed this object in September 2000, but having only one night's worth of data, they did not succeed in determining this object's rotational period unambiguously. We used their data to solve the degeneracy in our PDM result. The PDR02 data have not been absolutely calibrated, and the magnitudes are given relative to a bright field star. To be able to combine it with our own data we had to subtract the mean magnitudes. Our periodogram of (35671) 1998 SN 165 (centered on the broad minimum) is shown in Fig. 3b and can be compared with the revised periodogram obtained with our data combined with the PDR02 data (Fig. 3c) . The minima become much clearer with the additional data, but because of the 1-year time difference between the two observational campaigns, many close aliases appear in the periodogram. The absolute minimum, at P = 8.84 hr, corresponds to a double peaked lightcurve (see Fig. 4 ). The second best fit, P = 8.7 hr, produces a more scattered phase plot, in which the peak in the PDR02 data coincides with our night 2. Period P = 8.84 hr was also favored by the Monte Carlo method described in Section 3.2, being identified as the best fit in 55% of the cases versus 35% for P = 8.7 hr. The large size of the error bars compared to the amplitude is responsible for the ambiguity in the result. We will use P = 8.84 hr in the rest of the paper because it was consistently selected as the best fit.
The amplitude, obtained using the Monte Carlo (79983) 1999 DF 9 . The best fit period is P = 6.65 hr. The lines represent a 2nd order (solid line) and 5th (dashed line) order Fourier series fits to the data. Normalized χ 2 values of the fits are 2.8 and 1.3 respectively. method described in Section 3.3, is ∆m = 0.16 ± 0.01 mag. This value was calculated using only our data, but it did not change when recalculated adding the PDR02 data.
4.2. 1999 DF 9 (79983) 1999 DF 9 shows large amplitude photometric variations (∆m R ∼ 0.4 mag). The PDM periodogram for (79983) 1999 DF 9 is shown in Fig. 5 . The best-fit period is P = 6.65 hr, which corresponds to a double-peak lightcurve (Fig. 6 ). Other PDM minima are found close to P/2 ≈ 3.3 hr and 9.2 hr, a 24 hr alias of the best period. Phasing the data with P/2 results in a worse fit because the two minima of the double peaked lightcurve exhibit significantly different morphologies (Fig. 6) ; the peculiar sharp feature superimposed on the brighter minimum, which is reproduced on two different nights, may be caused by a non-convex feature on the surface of the KBO (Torppa et al. 2003) . Period P = 6.65 hr was selected in 65 of the 100 Monte Carlo replications of the dataset (see Section 3.2). The second most selected solution (15%) was at P = 9 hr. We will use P = 6.65 hr for the rest of the paper.
The amplitude of the lightcurve, estimated as described in Section 3.3, is ∆m R = 0.40 ± 0.02 mag. In this case, however, the PDM minima (see Figs. 7a and 7b) are very narrow and only two correspond to independent periods, P = 4.69 hr (the minimum at 5.82 is a 24 hr alias of 4.69 hr), and P = 5.23 hr.
2001 CZ 31 has also been observed by SJ02 in February and April 2001, with inconclusive results. We used their data to try to rule out one (or both) of the two periods we found. We mean-subtracted the SJ02 data in order to combine it with our uncalibrated observations. Figure 7c shows the section of the periodogram around P = 5 hr, recalculated using SJ02's first night plus our own data. The aliases are due to the 1 month time difference between the two observing runs. The new PDM minimum is at P = 4.71 hr -very close to the P = 4.69 hr determined from our data alone.
Visual inspection of the combined data set phased with P = 4.71 hr shows a very good match between SJ02's first night (2001 Feb 20) and our own data (see Fig. 8 ). SJ02's second and third nights show very large scatter and were not included in our analysis. Phasing the data with P = 5.23 hr yields a more scattered lightcurve, which confirms the PDM result. The Monte Carlo test for uniqueness yielded P = 4.71 hr as the best-fit period in 57% of the cases, followed by P = 5.23 hr in 21%, and a few other solutions, all below 10%, between P = 5 hr and P = 6 hr. We will use P = 4.71 hr throughout the rest of the paper.
We measured a lightcurve amplitude of ∆m = 0.21 ± 0.02 mag. If we use both ours and SJ02's first night data, ∆m rises to 0.22 mag.
Flat Lightcurves
The fluctuations detected in the optical data on KBOs (19308) Table 9 and Fig. 9 for a summary of the results.
Other lightcurve measurements
The KBO lightcurve database has increased considerably in the last few years, largely due to the observational campaign of SJ02, with recent updates in Sheppard & Jewitt (2003) and Sheppard & Jewitt (2004) . These authors have published observations and rotational data for a total of 30 KBOs (their SJ02 paper includes data for 3 other previously published lightcurves in the analysis).
Other recently published KBO lightcurves include those for (50000) Quaoar ) and the scattered KBO (29981) 1999 TD 10 (Rousselot et al. 2003) . Of the 10 KBO lightcurves presented in this paper, 6 are new to the database, bringing the total to 41. Table 10 lists the rotational data on the 41 KBOs that will be analyzed in the rest of the paper.
ANALYSIS
In this section we examine the lightcurve properties of KBOs and compare them with those of main-belt asteroids (MBAs). The lightcurve data for these two families of objects cover different size ranges. MBAs, being closer to Earth, can be observed down to much smaller sizes than KBOs; in general it is very difficult to obtain good quality lightcurves for KBOs with diameters D < 50 km. Furthermore, some KBOs surpass the 1000 km barrier whereas the largest asteroid, Ceres, does not reach 900 km. This will be taken into account in the analysis.
The lightcurve data for asteroids were taken from the Harris Lightcurve Catalog 3 , Version 5, while the diameter data were obtained from the Lowell Observatory database of asteroids orbital elements 4 . The sizes of most KBOs were calculated from their absolute magnitude assuming an albedo of 0.04. The exceptions are (47171) ).
5.1. Spin period statistics As Fig. 10 shows, the spin period distributions of KBOs and MBAs are significantly different. Because the sample of KBOs of small size or large periods is poor, to avoid bias in our comparison we consider only KBOs and MBAs with diameter larger than 200 km and with periods below 20 hr. In this range the mean rotational periods of KBOs and MBAs are 9.23 hr and 6.48 hr, respectively, and the two are different with a 98.5% confidence according to Student's t-test. However, the different means do not rule that the underlying distributions are the same, and could simply mean that the two sets of data sample the same distribution differently. This is not the case, however, according to the KolmogorovSmirnov (K-S) test, which gives a probability that the periods of KBOs and MBAs are drawn from the same parent distribution of 0.7%.
Although it is clear that KBOs spin slower than asteroids, it is not clear why this is so. If collisions have contributed as significantly to the angular momentum of KBOs as they did for MBAs (Farinella et al. 1982 , Catullo et al. 1984 , then the observed difference should be related to how these two families react to collision events. We will address the question of the collisional evolution of KBO spin rates in a future paper.
Lightcurve amplitudes and the shapes of KBOs
The cumulative distribution of KBO lightcurve amplitudes is shown in Fig. 11 . It rises very steeply in the low amplitude range (∆m < 0.15 mag), and then becomes shallower reaching large amplitudes. In quantitative terms, ∼ 70% of the KBOs possess ∆m < 0.15 mag, while ∼ 12% possess ∆m ≥ 0.40 mag, with the maximum value being ∆m = 0.68 mag. [Note: Fig. 11 does not include the KBO 2001 QG 298 which has a lightcurve amplitude ∆m = 1.14 ± 0.04 mag, and would further extend the range of amplitudes. We do not include 2001 QG 298 in our analysis because it is thought to be a contact binary (Sheppard & Jewitt 2004) ]. Figure 11 also compares the KBO distribution with that of MBAs. The distributions of the two populations are clearly distinct: there is a larger fraction of KBOs in the low amplitude range (∆m < 0.15 mag) than in the case of MBAs, and the KBO distribution extends to larger values of ∆m. Figure 12 shows the lightcurve amplitude of KBOs and MBAs plotted against size. KBOs with diameters larger than D = 400 km seem to have lower lightcurve amplitudes than KBOs with diameters smaller than D = 400 km. Student's t-test confirms that the mean amplitudes in each of these two size ranges are different at the 98.5% confidence level. For MBAs the transition is less sharp and seems to occur at a smaller size (D ∼ 200 km). In the case of asteroids, the accepted explanation is that small bodies (D 100 km) are fragments of highvelocity impacts, whereas of their larger counterparts (D > 200 km) generally are not (Catullo et al. 1984) . The lightcurve data on small KBOs are still too sparse to permit a similar analysis. In order to reduce the effects of bias related to body size, we can consider only those KBOs and MBAs with diameters larger than 200 km. In this size range, 25 of 37 KBOs (69%) and 10 of 27 MBAs (37%) have lightcurve amplitudes below 0.15 mag. We used the Fisher exact test to calculate the probability that such a contingency table would arise if the lightcurve amplitude distributions of KBOs and MBAs were the same: the resulting probability is 0.8%.
The distribution of lightcurve amplitudes can be used to infer the shapes of KBOs, if certain reasonable as- sumptions are made (see, e.g., LL03a). Generally, objects with elongated shapes produce large brightness variations due to their changing projected cross-section as they rotate. Conversely, round objects, or those with the spin axis aligned with the line of sight, produce little or no brightness variations, resulting in "flat" lightcurves. Figure 12 shows that the lightcurve amplitudes of KBOs with diameters smaller and larger than D = 400 km are significantly different. Does this mean that the shapes of KBOs are also different in these two size ranges? To investigate this possibility of a size dependence among KBO shapes we will consider KBOs with diameter smaller and larger than 400 km separately. We shall loosely refer to objects with diameter D > 400 km and D ≤ 400 km as larger and smaller KBOs, respectively. References.
- (1) We approximate the shapes of KBOs by triaxial ellipsoids with semi-axes a > b > c. For simplicity we consider the case where b = c and use the axis ratioã = a/b to characterize the shape of an object. The orientation of the spin axis is parameterized by the aspect angle θ, defined as the smallest angular distance between the line of sight and the spin vector. On this basis the lightcurve amplitude ∆m is related toã and θ via the relation (Eq.
(2) of LL03a withc = 1) ∆m = 2.5 log 2ã 2 1 +ã 2 + (ã 2 − 1) cos(2 θ) .
Following LL03b we model the shape distribution by a power-law of the form where f (ã) dã represents the fraction of objects with shapes betweenã andã + dã. We use the measured lightcurve amplitudes to estimate the value of q by employing both the method described in LL03a, and by Monte Carlo fitting the observed amplitude distribution (SJ02, LL03b). The latter consists of generating artificial distributions of ∆m (Eq. 1) with values ofã drawn from distributions characterized by different q's (Eq. 2), and selecting the one that best fits the observed cumu- Table 11 .
lative amplitude distribution (Fig. 11) . The values of θ are generated assuming random spin axis orientations. We use the K-S test to compare the different fits. The errors are derived by bootstrap resampling the original data set (Efron 1979) , and measuring the dispersion in the distribution of best-fit power-law indexes, q i , found for each bootstrap replication.
Following the LL03a method we calculate the probability of finding a KBO with ∆m ≥ 0.15 mag:
where K = 10 0.8×0.15 , f (ã) = Cã −q , and C is a normalization constant. This probability is calculated for a range of q's to determine the one that best matches the observed fraction of lightcurves with amplitude larger than 0.15 mag. These fractions are f (∆m ≥ 0.15 mag; D ≤ 400 km) = 8/19, and f (∆m ≥ 0.15 mag; D > 400 km) = 5/21, and f (∆m ≥ 0.15 mag) = 13/40 for the complete set of data. The results are summarized in Table 11 and shown in Fig. 13 .
The uncertainties in the values of q obtained using the LL03a method (q = 4.3 +2.0 −1.6 for KBOs with D ≤ 400 km and q = 7.4 +3.1 −2.4 for KBOs with D > 400 km ; see Table 11) do not rule out similar shape distributions for smaller and larger KBOs. This is not the case for the Monte Carlo method. The reason for this is that the LL03a method relies on a single, more robust parameter: the fraction of lightcurves with detectable variations. The sizeable error bar is indicative that a larger dataset is needed to better constrain the values of q. In any case, it is reassuring that both methods yield steeper shape distributions for larger KBOs, implying more spherical shapes in this size range. A distribution with q ∼ 8 predicts that ∼75% of the large KBOs have a/b < 1.2. For the smaller objects we find a shallower distribution, q ∼ 4, which implies a significant fraction of very elon- is the method described in , and MC is a Monte Carlo fit of the lightcurve amplitude distribution.
gated objects: ∼20% have a/b > 1.7. Although based on small numbers, the shape distribution of large KBOs is well fit by a simple power-law (the K-S rejection probability is 0.6%). This is not the case for smaller KBOs for which the fit is poorer (K-S rejection probability is 20%, see Fig. 13 ). Our results are in agreement with previous studies of the overall KBO shape distribution, which had already shown that a simple power-law does not explain the shapes of KBOs as a whole (LL03b, SJ02).
The results presented in this section suggest that the shape distributions of smaller and larger KBOs are different. However, the existing number of lightcurves is not enough to make this difference statistically significant. When compared to asteroids, KBOs show a preponderance of low amplitude lightcurves, possibly a consequence of their possessing a larger fraction of nearly spherical objects. It should be noted that most of our analysis assumes that the lightcurve sample used is homogeneous and unbiased; this is probably not true. Different observing conditions, instrumentation, and data analysis methods introduce systematic uncertainties in the dataset. However, the most likely source of bias in the sample is that some flat lightcurves may not have been published. If this is the case, our conclusion that the amplitude distributions of KBOs and MBAs are different would be strengthened. On the other hand, if most unreported non-detections correspond to smaller KBOs then the inferred contrast in the shape distributions of different-sized KBOs would be less significant. Clearly, better observational contraints, particularly of smaller KBOs, are necessary to constrain the KBO shape distribution and understand its origin.
The inner structure of KBOs
In this section we wish to investigate if the rotational properties of KBOs show any evidence that they have a rubble pile structure; a possible dependence on object size is also investigated. As in the case of asteroids, collisional evolution may have played an important role in modifying the inner structure of KBOs. Large asteroids (D 200 km) have in principle survived collisional destruction for the age of the solar system, but may nonetheless have been converted to rubble piles by repeated impacts. As a result of multiple collisions, the "loose" pieces of the larger asteroids may have reassembled into shapes close to triaxial equilibrium ellipsoids (Farinella et al. 1981) . Instead, the shapes of smaller asteroids (D ≤ 100 km) are consistent with collisional fragments (Catullo et al. 1984) , indicating that they are most likely by-products of disruptive collisions. Figure 14 plots the lightcurve amplitudes versus spin periods for the 15 KBOs whose lightcurve amplitudes and spin period are known. Open and filled symbols indicate the KBOs with diameter smaller and larger than D = 400 km, respectively. Clearly, the smaller and larger KBOs occupy different regions of the diagram. For the larger KBOs (black filled circles) the (small) lightcurve amplitudes are almost independent of the objects' spin periods. In contrast, smaller KBOs span a much broader range of lightcurve amplitudes. Two objects have very low amplitudes: (35671) 1998 SN 165 and 1999 KR 16 , which have diameters D ∼ 400 km and fall precisely on the boundary of the two size ranges. The remaining objects hint at a trend of increasing ∆m with lower spin rates. The one exception is 1999 TD 10 , a Scattered Disk Object (e = 0.872, a = 95.703 AU) that spends most of its orbit in rather empty regions of space and most likely has a different collisional history.
For comparison, Fig. 14 also shows results of Nbody simulations of collisions between "ideal" rubble piles (gray filled circles; Leinhardt et al. 2000) , and the lightcurve amplitude-spin period relation predicted by ellipsoidal figures of hydrostatic equilibrium (dashed and dotted lines; Chandrasekhar 1969 , Holsapple 2001 ). The latter is calculated from the equilibrium shapes that rotating uniform fluid bodies assume by balancing gravitational and centrifugal acceleration. The spin rateshape relation in the case of uniform fluids depends solely on the density of the body. Although fluid bodies behave in many respects differently from rubble piles, they may, as an extreme case, provide insight on the equilibrium shapes of gravitationally bound agglomerates. The lightcurve amplitudes of both theoretical expectations are plotted assuming an equator-on observing geometry. They should therefore be taken as upper limits when compared to the observed KBO amplitudes, the lower limit being zero amplitude. . The impact velocities range from ∼ zero at infinity to a few times the critical velocity for which the impact energy would exceed the mutual gravitational binding energy of the two rubble piles. The impact geometries range from head-on collisions to grazing impacts. The mass, final spin period, and shape of the largest remnant of each collision are registered (see Table 1 of LRQ). From their results, we selected the outcomes for which the mass of the largest remnant is equal to or larger than the mass of one of the colliding rubble piles, i.e., we selected only accreting outcomes. The spin periods and lightcurve amplitudes that would be generated by such remnants (assuming they are observed equator-on) are plotted in Fig. 14 as gray circles. Note that, although the simulated rubble piles have radii of 1 km, since the effects of the collision scale with the ratio of impact energy to gravitational binding energy of the colliding bodies (Benz & Asphaug 1999) , the model results should apply to other sizes. Clearly, the LRQ model makes several specific assumptions, and represents one possible idealization of what is usually referred to as "rubble pile". Nevertheless, the results are illustrative of how collisions may affect this type of structure, and are useful for comparison with the KBO data.
The lightcurve amplitudes resulting from the LRQ experiment are relatively small (∆m < 0.25 mag) for spin periods larger than P ∼ 5.5 hr (see Fig. 14) . Objects spinning faster than P = 5.5 hr have more elongated shapes, resulting in larger lightcurve amplitudes, up to 0.65 magnitudes. The latter are the result of collisions with higher angular momentum transfer than the former (see Table 1 of LRQ). The maximum spin rate attained by the rubble piles, as a result of the collision, is ∼ 4.5 hr. This is consistent with the maximum spin expected for bodies in hydrostatic equilibrium with the same density as the rubble piles (ρ = 2000 kg m −3 ; see long-dashed line in Fig. 14) . The results of LRQ show that collisions between ideal rubble piles can produce elongated remnants (when the projectile brings significant angular momentum into the target), and that the spin rates of the collisional remnants do not extend much beyond the maximum spin permitted to fluid uniform bodies with the same bulk density.
The distribution of KBOs in Fig. 14 (Luu & Jewitt 2002) . If KBOs are strengthless rubble piles with such low densities we would not expect to find objects with spin periods lower than P ∼ 6 hr (dashed line in Fig. 14) . However, one object (2001 CZ 31 ) is found to have a spin period below 5 hr. If this object has a rubble pile structure, its density must be at least ∼ 2000 kg m −3 . The remaining 14 objects have spin periods below the expected upper limit, given their estimated density. Of the 14, 4 objects lie close to the line corresponding to equilibrium ellipsoids of density ρ = 1000 kg m −3 . One of these objects, (20000) Varuna, has been studied in detail by . The authors conclude that (20000) Varuna is best interpreted as a rotationally deformed rubble pile with ρ ≤ 1000 kg m −3 . One object, 2001 QG 298 , has an exceptionally large lightcurve amplitude (∆m = 1.14 mag), indicative of a very elongated shape (axes ratio a/b > 2.85), but given its modest spin rate (P = 13.8 hr) and approximate size (D ∼ 240 km) it is unlikely that it would be able to keep such an elongated shape against the crush of gravity. Analysis of the lightcurve of this object (Sheppard & Jewitt 2004) suggests it is a close/contact binary KBO. The same applies to two other KBOs, 2000 GN 171 and (33128) 1998 BU 48 , also very likely to be contact binaries.
To summarize, it is not clear that KBOs have a rubble pile structure, based on their available rotational properties. A comparison with computer simulations of rubble pile collisions shows that larger KBOs (D > 400 km) occupy the same region of the period-amplitude diagram as the LRQ results. This is not the case for most of the smaller KBOs (D ≤ 400 km), which tend to have larger lightcurve amplitudes for similar spin periods. If most KBOs are rubble piles then their spin rates set a lower limit to their bulk density: one object (2001 CZ 31 ) spins fast enough that its density must be at least ρ ∼ 2000 kg m −3 , while 4 other KBOs (including (20000) Varuna) must have densities larger than ρ ∼ 1000 kg m −3 . A better assessment of the inner structure of KBOs will require more observations, and detailed modelling of the collisional evolution of rubble-piles.
CONCLUSIONS
We have collected and analyzed R-band photometric data for 10 Kuiper Belt objects, 5 of which have not been studied before. No significant brightness variations were detected from KBOs (80806) The rotational properties that we obtained were combined with existing data in the literature and the total data set was used to investigate the distribution of spin period and shapes of KBOs. Our conclusions can be summarized as follows:
1. KBOs with diameters D > 200 km have a mean spin period of 9.23 hr, and thus rotate slower on average than main belt asteroids of similar size ( P MBAs = 6.48 hr). The probability that the two distributions are drawn from the same parent distribution is 0.7%, as judged by the KS test. 4. These two size ranges seem to have different shape distributions, but the few existing data do not render the difference statistically significant. Even though the shape distributions in the two size ranges are not inconsistent, the best-fit powerlaw solutions predict a larger fraction of round objects in the D > 400 km size range (f (a/b < 1.2) ∼ 70
+12
−19 %) than in the group of smaller objects (f (a/b < 1.2) ∼ 42 +20 −15 %). 5. The current KBO lightcurve data are too sparse to allow a conclusive assessment of the inner structure of KBOs.
6. KBO 2001 CZ 31 has a spin period of P = 4.71 hr.
If this object has a rubble pile structure then its density must be ρ 2000 kg m −3 . If the object has a lower density then it must have internal strength.
The analysis presented in this paper rests on the assumption that the available sample of KBO rotational properties is homogeneous. However, in all likelihood the database is biased. The most likely bias in the sample comes from unpublished flat lightcurves. If a significant fraction of flat lightcurves remains unreported then points 1 and 2 above could be strengthened, depending on the cause of the lack of brightness variation (slow spin or round shape). On the other hand, points 3 and 4 could be weakened if most unreported cases correspond to smaller KBOs. Better interpretation of the rotational properties of KBOs will greatly benefit from a larger and more homogeneous dataset.
